Introduction: Tumor mutation burden (TMB) is thought to be associated with the amount of neoantigen in the tumor and to have an important role in predicting the effect of immune checkpoint inhibitors. However, the relevance of TMB to prognosis is not yet fully understood. In this study, we investigated the clinical significance of TMB in patients with NSCLC and examined the relationship between TMB and prognosis.
Introduction
Progress in immunotherapy has been shown in the development of immune checkpoint inhibitors that target programmed death-1 (PD-1)/programmed death ligand-1 (PD-L1). [1] [2] [3] For patients with NSCLC as well as melanoma or other types of cancer, discovery of definitive predictive biomarkers for treatment efficacy is one of the major issues.
The KEYNOTE 024 trial of first-line pembrolizumab for treatment of NSCLC showed that patients with a high level of PD-L1 expression (50%) in the tumor had a clear survival benefit. 1 Subgroup analysis of the Checkmate 026 trial of first-line nivolumab for treatment of NSCLC showed that tumor mutation burden (TMB), as *Corresponding author.
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well as PD-L1 expression, could be a predictive biomarker. 4 Furthermore, Roszik et al. reported that patients with high TMB showed better prognosis after treatment with pembrolizumab. 5 Thus, TMB has attracted attention as a biomarker of immune checkpoint inhibitor efficacy; however, it is still unclear how TMB affects tumor behavior. In this study, we aimed to clarify the clinical and survival impact of TMB in patients with NSCLC.
Methods

Patients and Specimens
The study was approved by the Human Ethics Committee at Fukushima Medical University. We enrolled 90 consecutive patients who gave informed consent. Wholeexome sequencing (WES) was conducted in accordance with the Ethical Guidelines for Human Genome and Genetic Analysis Research. Patients had not received any chemotherapy or immunotherapy before surgery. Disease staging was evaluated according to TNM classification of lung cancer 7th edition. We divided two groups in terms of tumor size by 2.8 cm; that was the median value of our case series. The tumor size included not only ground-glass opacity (GGO) but also mixed GGO and only solid part. All analyzed tumor sizes were evaluated following the guidelines in the International Staging System for Lung Cancer, 7 th edition; that is, by total size including GGO with solid part. Postoperative adjuvant therapy was performed for patients with tumor diameter >2.0 cm or with lymph node metastasis, except for patients with high risk for complications.
Fresh pairs of tumor and normal lung tissues were dissected from surgical specimens collected from 90 patients who underwent surgery in the Fukushima Medical University Hospital from 2013 to 2016. These pairs of tissues were used for WES analysis.
Sequencing Analysis
WES of 90 tumors and paired normal samples was performed using Ion Amplise Exome technology and Ion Proto platform (Thermo Fischer Scientific, Waltham, Massachusetts). The obtained DNA sequences were aligned to hg19 of the human genome. On average, the mean coverage depth was 123x, and 90.4% of target bases had a coverage of 20x. Sequence variants in the tumor were called using Ion Reporte 5.0 and CLC Genomics Workbench 8.0 software, and the number of nonsynonymous coding variants was counted. The obtained value was designated as the TMB. The Ion Amplise Colon and Lung Cancer Panel v2 and Ion Personal Genome Machine platform were used to detect tumor variants within the hotspot regions of EGFR, tumor protein p53 (TP53), KRAS and erb-b2 receptor tyrosine kinase 2 (ERBB2) genes.
Statistical Analysis
Kaplan-Meier analysis and log-rank tests were performed using GraphPad Prism software. Adjusted hazard ratios (HRs) were determined using a Cox proportional hazards regression model.
Results
Patient characteristics are presented in Table 1 . There were 63 men and 27 women with a median age of 70 years (range, 40 to 87 years). Sixty-two (68.9%) patients had adenocarcinoma and 28 (31.1%) had squamous cell carcinoma. Median tumor size was 2.8 cm. Twenty-four patients were positive for EGFR mutation and histologically all of them had adenocarcinoma. Sixtyseven (74.4%) patients had stage 1 NSCLC. Twenty-three (25.6%) patients were administered postoperative adjuvant chemotherapy. Adjuvant therapy without platinum included tegafur/uracil and tegafur/gimeracil/ oteracil. The median follow-up was 792 days (range, 87 to 1,469 days). Twenty-two (24.4%) patients had tumor relapse, and 20 underwent treatment with cytotoxic chemotherapy, epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI), immune checkpoint inhibitor, or radiation therapy. Two cases were administered nivolumab for recurrence after cytotoxic chemotherapy or EGFR-TKI; however, both developed adverse effects and discontinued treatment before evaluation. There were 15 (16.7%) deaths; 4 of which were not a result of lung cancer progression (2 pneumonia, 1 emphysema, and 1 cardiac failure). The median TMB was 62 (range, 10 to 502). We designated TMB 62 as high and TMB < 62 as low, considering the median value as a boundary. Univariate analysis showed that TMB 62 was a poor prognostic factor in overall survival (OS), along with squamous cell carcinoma and tumor size 2.8 cm. Multivariate analysis showed that high TMB was an independent prognostic factor in OS (Table 2 ). Univariate analysis showed that tumor size 2.8, stage 2 or 3, and lymph node metastasis-positive were poor prognostic factors in disease-free survival (DFS) (Supplementary Table 1 ).
The 3-year survival rate of patients with high and low TMB was 58.9% and 90.3%, respectively (p ¼ 0.0005) (Fig. 1A) , although there was no significant difference in DFS (p ¼ 0.0812) (Fig. 1B) . Furthermore, even in stage 1 patients, there were significant differences in OS and DFS between high-and low-TMB groups (Fig. 2) . In the 23 patients who underwent postoperative adjuvant chemotherapy, DFS was shorter in the TMB-high group despite chemotherapy (HR ¼ 6.046, 95% confidence interval [CI]: 1.172 to 31.18, p ¼ 0.0336) (Supplementary Fig. 1 ). In the 16 patients with stage 1 cancer who underwent postoperative adjuvant chemotherapy, OS and DFS were similar to those of all patients administered adjuvant therapy ( Supplementary Fig. 2) 
Discussion
We showed that high TMB in patients with NSCLC can be a poor prognostic factor. We also indicated that recurrence rate was higher in the high-TMB group with stage 1 NSCLC. A large-scale examination of TMB has been reported by the Genome Project Team of the National Cancer Institute. 6, 7 They analyzed the number of somatic mutations in patients with lung cancer and its variations using WES. They analyzed the frequency and type of driver mutations in detail, but the relationship between TMB and prognosis was not mentioned. It should be noted that TMB in our examination was less than in their study. The reason for this is that we counted nonsynonymous variants only.
Rizvi et al. were the first to report, in 2015, the relationship between TMB and the efficacy of immune checkpoint inhibitors. 8 They showed that in NSCLC patients with high TMB, administration of anti-PD-1 antibody pembrolizumab resulted in prolonged prognosis compared with patients with low TMB. Even then, Roszik et al. reported analysis using The Cancer Genome Atlas mutation data. 5 Patients with melanoma with low TMB had poor OS after therapy with cytotoxic T-lymphocyteassociated antigen 4 antibody ipirimumab and adoptive T-cell immunotherapy. Patients with pulmonary adenocarcinoma with low TMB also had low response rate and poor OS after therapy with pembrolizumab. Carbone et al. indicated that patients with high TMB and PD-L1 expression level 50% had a higher response rate (75%) than those with only one of these factors. 4 What is common to these results is that high TMB in patients with NSCLC can predict effectiveness of immune checkpoint inhibitors. However, it does not indicate what meaning TMB has for NSCLC. Our multivariate analysis led us to conclude that high TMB is a poor prognostic factor in surgically treated NSCLC. The previous studies reported above were for patients with advanced NSCLC, whereas our study was in patients with early-stage NSCLC treated with surgery. OS and DFS data may be influenced not only by surgery but also by various other treatments. For example, postoperative adjuvant chemotherapy was performed in the group with tumor size >2.0 cm and/or lymph node metastasis at the time of surgery, except for patients with high risk for complications, and treatment such as conventional chemotherapy, radiotherapy, or immune checkpoint inhibitor was added to the relapse group. There was no difference in DFS among all the patients, but there was a significant difference in DFS in patients with stage 1 NSCLC. DFS was shorter in the high-TMB group among patients administered adjuvant chemotherapy. As a limitation, our study was the small sample size from a single institution and it may not be representative of all patients with NSCLC. Thus, it may make subanalysis difficult. In line with this background, High TMB tended to be a poor prognostic factor for DFS, although there was no significant difference. However, in this small-sized clinical study, when we consider the association between chemotherapy and TMB, high TMB was a significantly poor prognostic factor for DFS. This means that high TMB may be involved in resistance to previous adjuvant therapy and could associated with refractoriness to chemotherapy. Assuming that high TMB is a predictive biomarker for the effect of immune checkpoint inhibitors, it is worth considering adjuvant therapy with immune checkpoint inhibitors in patients with high TMB at the time of surgery. Adjuvant therapy with immune checkpoint inhibitors has never been reported; however, a number of clinical trials of postoperative adjuvant therapy with immune checkpoint inhibitors are ongoing. We could find several clinical trials investigating postoperative effects of nivolumab (NCT02595944), pembrolizumab (NCT03254004), and anti-PD-L1 antibody durvalumab/ tremelimumab (NCT03130764), and so on. TMB as a biomarker for immune checkpoint inhibitor efficacy has been analyzed in patients administered anti-PD-1/PD-L1 inhibitors. Our current study suggests that high TMB is a poor prognostic factor in patients with completely resected NSCLC. Therefore, we believe that there is a possibility of using immune checkpoint inhibitors as adjuvant therapy, and our results may be important in patient selection. Currently, it is difficult to explain why high TMB was associated with poor survival. We must investigate further the detailed mechanism of how TMB contributes to malignant potential.
In conclusion, we revealed that high TMB could be a poor prognostic factor in patients with completely resected NSCLC. In early-stage NSCLC, the high recurrence rate in patients with high TMB suggests that TMB is related to the degree of tumor malignancy. If high TMB is a predictive biomarker for efficacy of immune checkpoint inhibitors, postoperative adjuvant therapy with immune checkpoint inhibitors may contribute to improvement of recurrence and OS.
